This paper presents the wind characteristics and resource assessment of the largest industrial base in the Middle East (Jubail industrial city) using measured hourly mean wind speed data at 10, 50 and 90 m above ground level (AGL) from 2008 to 2012. At respective heights, the mean wind speeds were found to be 3.34, 4.79 and 5.35 m/s. At 50 and 90 m AGL, the availability of wind speed above 3.5 m/s was more than 75%. The prevailing wind direction was from the north-west. The local wind shear exponent calculated using measured wind speed values at three heights was found to be 0.217.
Introduction
The cleanest sources of energy are those which use the natural resources of the earth.
These sources are known as renewable sources of energy and will never die out unlike fixed reserves of fossil and nuclear fuels. Some of the common sources of renewable energies are wind, solar photovoltaic, solar thermal, hydro, wave, geothermal, and biomass. Wind is a very promising energy source and is receiving global recognition compared to other renewable energy sources, due to its low production, operation and maintenance cost and ease of maintenance, besides availability of efficient multimegawatt wind turbines.
Saudi Arabia is experiencing rapid population as well as industrial growth and resulting in ever increasing demand on power and water supplies. The total population of Saudi Arabia increased by more than five times within last four and half decades, from 5,772,000 in 1970 to 30, 770 ,375 in 2014 [1] . The number of operating industries has increased by more than thirty times within last four decades, from 198 in 1974 to 6, 471 in 2013 [2] . Total GDP (in constant prices) achieved by the manufacturing industries increased from US $ 4 billion in 1975 to more than US $ 45 billion at the end of 2013.
Also, the growth rate of the manufacturing industries continued to increase throughout this period at an average of 6% per annum, which is considered one of the highest among the other economic sectors [2] . The region-wise share of the global installed wind power capacity is presented in Figure 1 [3] . The installed wind power capacity in Africa and Middle East is just 1% of the global installed capacity of 369,596 MW by the end of year 2014. Therefore, Saudi Arabia is exploring alternate sustainable and reliable sources of energy for generating power and reducing consumption of the nation's fossil fuel reserves. So, it was determined that a balanced energy mix of alternative and conventional energy is strategically important to Saudi Arabia's long term prosperity, energy security and its leading position in the global energy market [4] . Wind energy utilization is one of the renewable energy options Saudi Arabia is considering seriously.
Meteorological parameters; such as wind speed, wind direction, temperature, relative humidity, barometric pressure, global solar radiation etc.; are highly site and time dependent in general while wind speed and direction are highly fluctuating components among these parameters. Hence, it is necessary and critical to understand the wind speed variability and availability during different hours of the day and different months of the year for successful and profitable development and utilization of wind power. So, it is required to perform wind resource assessment of the site of interest to determine the feasibility of the wind farm development. Moreover, a small error in wind speed data gives a large error in energy yield calculations. Hence, accuracy in wind speed measurements can minimise the risk of huge investments [5] .
The wind speed measurements are typically made at a different and lower height compared to the wind turbine hub height. The wind speed increases with height by a site-dependent power factor known as wind shear exponent. Wind speed can be extrapolated to the hub height by using the wind power law in conjunction with local wind shear exponent (WSE) . If the estimated WSE is not accurate, the wind power law will lead to an error in the calculation of the wind speed at hub height and consequently the energy yield estimation [5] . Air density is another critical parameter that depends on air pressure and temperature at the site and directly affects the wind power density (WPD) and hence the energy yield estimates. Therefore, the actual air density should be calculated using the local pressure and temperature measurements for accurate energy output estimation [5] .
To optimise the design of a wind turbine, data on speed range over which the turbine must operate to maximise energy extraction is required. This in turns requires the knowledge of the frequency distribution of the wind speed. Masseran et al. [6] presented nine frequency distribution functions suitable for fitting wind data: Weibull, Burr, Gamma, Inverse Gamma, Inverse Gaussian, Exponential, Rayleigh, Lognormal and Erlang. Rehman and Halawani [7] fitted the wind speed data of ten locations in Saudi Arabia to Weibull distribution function and concluded that this distribution accurately describes the wind data of this region. Similar studies elsewhere also claims that among all the frequency distribution functions that have been proposed for wind speed, the two-parameter Weibull distribution is most widely used to accurately describe wind regimes [8, 9, 10] .
Various studies on wind resource assessment are reported for Saudi Arabian locations.
In 1986, Ansari et al, [11] developed wind atlas for Saudi Arabia by using measured wind speed at 8 to 12 m height above the ground level for 20 different locations. The hourly mean wind speed and direction data during the period 1970-1982 was used to develop the wind atlas. This atlas showed the seasonal average wind speed contours in different months over the entire kingdom. The long term annual mean wind speed was found to be below 4 m/s in most of the regions. However, the data used were not reliable enough to determine the wind potential because, the sensors were mounted at a height of 8 to 12 m and the weather stations were located at low windy sites like airports. This wind atlas, which was the first effort towards wind resource assessment, also included the wind speed frequency distribution in different wind speed bins and the wind rose diagrams [11] . To better understand the wind power potential in the kingdom, Alawaji et al. [12] in 1996 performed wind speed measurements at 20, 30 and 40 m AGL at different locations in the Kingdom. In this study, six anemometers were installed on every wind tower, two each at 20, 30 and 40 m height to get reliable results.
The annual average wind speed at 40 m AGL at Arar, Dhahran, Gassim and Riyadh was reported to be 5.3, 4.5, 4.0 and 4.5 m/s respectively [12] . Wind shear coefficients of wind speed at 20, 30, and 40 m AGL for Dhahran, Saudi Arabia was determined by Rehman and Al-Abbadi [5] . In this study, the energy yield was found to be around 120,000
MWh/year from a wind farm of 60 MW installed capacity consisting of 40 wind turbines each of 1500 KW rated power with a plant capacity factor of 24% [5] . In similar studies conducted by Shaahid et al. [13] at Taif, the wind speed was found to be less than 3 m/s for 46% of the time during the year. The annual energy produced from 15 MW wind farm (from 25 commercially available wind turbines of 600 kW rated power capacity each at 50 m hub height) was around 20,000 MWh/year. The cost of energy in this analysis was found to be 0.0576 US$/kWh. [13] .
Some of the wind resource assessment studies reported for different countries were reviewed and discussed below. Prasad et al. [14] performed extensive literature survey on wind resource assessment (WRA) and discussed different WRA techniques. This methodology included preliminary wind survey to choose the best site for installing wind speed sensors, potential site selection, selecting the optimum wind turbine suitable for a site and the uncertainties involved in estimating the wind resource assessment using the different techniques. It was concluded that each WRA technique has its own advantages and selection of optimum technique is site dependent.
Fazelpour et al. [15] employed the Weibull probability distribution function for WRA using mean wind data at 10 m AGL over a six-year period at Tabriz and Ardabil, Iran. For wind resource assessment of Selcuk University campus in Turkey, one year wind data at three different heights was analysed [18] . Energy output from a 6 MW installed capacity wind farm composed of 1.0, 1.5, and 2.0 MW rated power wind turbines was calculated and reported by Faruk et al. [18] . The minimum basic payback period was found to be 6.44 years. Wind characteristics of six locations in Turkey were analysed using the wind speed data during the period 2000-2006 by Ucar et al. [19] MWh with a plant capacity factor between 24 to 39% at these six locations.
Jowder [20] for countries like Korea [24] , China [25] , Malaysia [26] , India [27] , Kyrgyzstan [28] , Pakistan [29] , Oman [30] , Turkey [31] , Algeria [32] , Iran [33] , Egypt [34] , Nigeria [35] , Greece [36] , Mexico [37] , USA [38] and Venezuela [39] were reviewed to assess the methodology and techniques used for WRA.
This study aims at conducting a comprehensive and accurate wind resource assessment for the largest industrial city of Saudi Arabia for the first time and to calculate energy output based on a few commercially available wind machines. The size of this industrial city is expanding and is expected to be more than double in the next decade. The Kingdom has taken initiatives to supplement its existing fossil fuel based energy through renewable sources of energy particularly wind energy besides solar PV and solar thermal options [4] . This study will provide helpful information for wind power development program in this industrial city of Jubail.
Site, equipment and data description
In year 1933, geologists explored oil in Jubail, Saudi Arabia. In 1983, the largest engineering and construction project ever was started in Jubail to establish the biggest industrial base in the region. Presently, Jubail industrial city is host to more than 160 industrial enterprises and home to almost 70,000 residents. Jubail infrastructure is capable of running continuously without power failure in any of the existing facilities while meeting community requirements within high modern living standards where all the necessities of life and tourism and recreation are available.
To study the viability of wind power generation at Jubail industrial city, the historical wind data for five years was obtained from the Environment and Control Department (Royal Commission for Jubail and Yanbu). This governmental organisation is responsible for the maintenance, calibration and collection of meteorological data at Jubail industrial city. In the present study, wind characteristics and resource analysis is carried out using the data collected from weather station 1, shown in Fig. 2 . Wind speed at this site was collected at three heights, 10, 50 and 90 m. The latitude, longitude and Universal Transverse Mercator (UTM) coordinates of the weather station are given in Table. 1. The technical specifications of the meteorological sensors installed on all the seven wind towers at Jubail Industrial city are presented in Table 2 . The list of weather parameters recorded are tabulated in Table 3 . Monthly averaged metrological data (temperature, atmospheric pressure and relative humidity) at the weather data collection tower is given Table 4 .
The weather station at site 1 is located in the middle of Jubail Industrial area 1. The weather station is mostly surrounded by plain terrain with industrial sheds of around 10 to 12 m height in south-west direction located 100 m away. There is a mobile phone network of around 30 m height tower located in the south-east direction located 150 m away. An industrial workers camp with around 8,000 residents is located in west direction from the weather station at a distance of 900 m.
Results and discussion
The detailed wind data analysis over the entire period of data collection from 2008 to 
Weibull parameters and wind frequency analysis
The two-parameter Weibull distribution is frequently used to characterise wind behaviour because it provides a good representation of wind data [2, 3, 4 ]. This distribution function shows the probability of the wind speed in a 1 m/s bins centered on a particular wind speed. The Weibull distribution function is expressed as [40] : (1) where P(v) is the frequency of incidence of wind speed, v. The scale factor, c in m/s, is indicative of mean wind speed and k is the dimensionless shape factor, which describes the shape and width of the distribution.
The Weibull distribution is therefore determined by the parameters, c and k. The cumulative Weibull distribution, P(v), which gives the probability of the wind speed greater than the value, v, is expressed as: (2) In this study, the Weibull distribution parameters, c and k are determined by maximum likelihood method. The seasonal values of both the scale factor (c) and shape parameter (k) are summarised in Table 5 The values of scale factor, c increases with height, whereas no definite trend could be seen in the values of shape parameter, k. However, highest value of shape parameter, k was found at 50 m height followed by 90 m and then 10 m.
Air density, wind power density (WPD), wind shear exponent (WSE)
The air density was estimated using the following expression:
Where P is the air pressure in Pascals, R is the specific gas constant of air, 287.05 J/kg.K and T is the local air temperature in degrees Kelvin. The WPD is calculated using the well know following equation:
Where V is the ten minutes or hourly mean wind speed. The lowest air density was observed in July and the highest in January, as shown in of wind speed at three heights is shown in Fig. 17 .
The following equation was used to estimate the wind shear exponent (WSE), α:
Where V1 and V2 are the wind speeds at heights Z1 and Z2 respectively. Equation 
Energy output analysis
To find the energy output from selected wind turbines, frequency of occurrence of wind speed in different bins was determined. This wind speed frequency at different hub heights was determined by vertical extrapolation of wind speed using the local WSE value of 0.217 in the present case. The technical specifications of wind turbines (WT1, WT2, WT3, WT4, and WT5) used in this study are summarised in Table 6 . The power curves of all the selected wind turbines are shown in Fig. 21 . Table 7 summarises the number of hours the wind speed remained in different wind speed bins per year for Jubail at different heights. This table also includes the power curves data of all the selected wind turbines [36] . Finally, the power output in kWh for each wind speed bin, total power output per year and the plant capacity factor (PCF) for each of the five selected wind machines is also presented in this table. It can be observed from the % PCF data that the most efficient of the selected wind turbines was WT2 with rated power of 3 MW and a PCF of 25%. As per the present calculations, the maximum annual energy output of 6,285 MWh/year can be achieved from this turbine (WT2).
Wind turbine WT1 with annual energy yield of 6,367 MWh and a PCF of 23.3% was found to be the second best turbine for Jubail industrial city. The third best turbine was WT4 with annual energy yield of 3,486 MWh and a PCF of 22%. A PCF of 24% was reported in similar studies performed in Dhahran [5] . The comparison of the seasonal energy output from the selected wind machines is shown in Fig. 22 . As seen from this figure, minimum monthly mean wind power was obtained in the months of April and
October whiles the maximum in March. In general, an increasing trend was observed in monthly power output from all turbines from January till March and then a decreasing trend towards end of the year except for dips in April and October.
Conclusions
The following main conclusions can be drawn from the wind resource assessment for Jubail Industrial City:  The annual energy production from a commercially available wind turbine WT1 of 3 MW rated power was estimated to be 6,285 MWh with a PCF of 25%.
[ ......................................................................................................................................................... 3  Table 6 .......................................................................................................................................................... 3  Table 7 ..................................................................................................................................................... Table 2 Specifications of the wind speed sensor at data collection site. Table 4 Metrological data at the weather data collection tower.
Performance Characteristics

Monthly Average (2008 -2012)
Temperature ( o C) Atmospheric pressure, (mb)
